The oxidation of some simple thiols by oxidizing agents known to act as improvers in bread manufacture has been investigated (Hird & Yates, 1961) . It was shown that when cysteine was oxidized the major product was the disulphide cystine, but that small amounts of cysteinesulphinic acid and cysteinesulphonic acid were minor products (approx. 10 %). Cystine, however, was not oxidized by these reagents under the conditions used. It has also been shown that the thiol groups of gluten formed by reduction with sodium borohydride were oxidized (Frater, Hird, Moss & Yates, 1960) , but the nature of the oxidation products was not investigated.
The work described in the present paper attempts to define more precisely the action of iodate, bromate and persulphate on the thiol groups of certain protein preparations, particularly those from flour. In the flour being investigated the disulphide content of the total proteins is approximately ten times that of the thiol content when considered on the basis of sulphur atoms (Frater et al. 1960) . Because of the low thiol content compared with the -S-S-groups already present, accurate estimation of the yield of disulphide when thiol groups are oxidized is difficult. Further, isolation of the proteins is accompanied by atmospheric oxidation of thiol and it has therefore been necessary to reduce the protein preparations with sodium borohydride to obtain preparations with sufficient thiol content for subsequent experiments. The oxidation of thiolated gelatin by ferricyanide has been studied by Benesch & Benesch (1958) and this substance, because of its high thiol content and suitable solubility properties, has been included in the present investigation.
MATERIALS AND METHODS
The gluten was a commercial sample prepared by acetic acid extraction of flour and was presented by Barretts Ltd., Melbourne. The water-soluble proteins were prepared by extraction of 1 kg. of flour (Victorian FAQ) Estimation of thiol and di8ulphide groups Thiol and disulphide groups in the proteins were determined amperometically by estimation of excess of methyl mercuric iodide added to the system at the end of the reaction time. The titration was done at -0.7v with a dropping mercury electrode with Ag-AgCl reference electrode. A sample of the reaction mixture (10 ml.) was removed at the appropriate time interval, and added to a known excess of methyl mercuric iodide to stop the oxidation reaction. A portion (10 ml.) of aq. 0-25M-NH3 soln.-NH4Cl buffer, 8 M with respect to urea, at pH 9*0, was then added. The temperature of the reaction vessel was kept at 25 ±0-050. A separate base line was determined in the absence of mercurial for each sample analysed. The current relative to this at -07 v was then measured on the experimental sample, and serial additions of 0-2 ml. of methyl mercuric iodide, 2 mM in 25 % dimethylformamide, were added, and the current was determined in each case.
The number of thiol groups present was calculated by extrapolation to zero current.
For the estimation of disulphide, the buffer was made 0-2M with respect to Na2SO3, which raised the pH from 9*0 to 9-25 and the extra thiol obtained was taken to be equal to the disulphide in the sample, as in the presence of the mercurial the reaction goes to completion (Leach, 1960) . Before estimation of disulphide, the protein was dispersed in a tightly fitting Potter-Elvehjem type homogenizer in the presence of the sulphite and excess of methyl mercuric iodide. These manipulations were done at room temperature (18-20') . The total reaction time with the mercurial was 10-15 min., including the gassing of the reaction vessel. This is in excess of that required for the reaction to go to completion (see also Leach, 1960) . Under these conditions cystine disulphoxide is not estimated as disulphide.
The estimation of thiol groups with methyl mercuric iodide involves an assumption of absolute specificity of this reagent. To check this point several samples of gluten were analysed for cysteine + cystine sulphur by the abovedescribed procedure and by the differential-oxidation method of Lugg (1938) . For three separate samples the results were 13-0, 12-4 and 13-6 moles of S/105 g. of protein when estimated polarographically and 13-8, 14-1 and Results are expressed as uemoles/100 mg. of protein.
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15-3 moles of S/105 g. of protein respectively when estimated by Lugg's procedure. There is therefore reasonable agreement between the two methods.
Preparation of reduced protein8
Gluten. Reduced gluten was prepared by dispersing as finely as possible 2 g. in 200 ml. of water in the PotterElvehjem homogenizer, the final suspension being m1ade 0-1 M with respect to sodium borohydride. Frothing caused by liberation of hydrogen was kept at controllable levels by the use of octanol and reduction was carried out for 30 min. at 500. Treatment for longer periods was found to result in a decrease in the number of thiol groups. The addition of urea to the system to open up the protein structure was impracticable as it caused difficulties in the isolation of the reduced protein.
After reduction the system was cooled to 00, brought to pH 6 with HCI and stirred for 30 min. at 0°. This procedure has the dual effect of destroying the excess of borohydride and precipitating the reduced gluten. The protein was isolated by centrifuging, washed twice with 5 mM-EDTA and freeze-dried. Of the original gluten 50-60 % was obtained in the reduced state. On reduction the thiol content rose from 1-2 to approx. 11 moles of thiol/105 g. of protein, depending on the preparation.
Water-soluble proteins. With the water-soluble proteins, the reducing system contained 0-2 g. of protein/100 ml. of water. The reduction was carried out at 500 for 30 min. in 0 05M-sodium borohydride. After this time an equal volume of 0-5M-citrate buffer, pH 6, was added and the solution stirred for 30 min. as before. The solution of reduced water-soluble proteins was used immediately after preparation and thus contained metaborate, the decomposition product of the borohydride. It was found to be impossible to reduce completely the water-soluble proteins, a maximum of six thiol groups being obtained out of a possible 12-6.
Oxidation of reduced protein. A suitable quantity of protein (approx. 1 mg./ml.) was dissolved or finely dispersed (for reduced gluten) in 0-5M-citrate buffer, pH 6-0. After addition of oxidizing agent the system was gently shaken in a constant-temperature bath throughout the period of reaction. The reaction was carried out at 280 under oxygen-free nitrogen. After the appropriate time, 10 ml. of the sample was pipetted into 10 ml. of the appropriate analytical system containing the excess of methyl mercuric iodide and the thiol and disulphide content were estimated.
Oxidation of flour. The oxidation of flour was carried out in an aqueous suspension consisting of 20 ml. of water and 1 g. of flour. The oxidizing agents were added so that the buffer (2M) was added to the system so that the final pH was 9-0, and the thiol content estimated. Table 1 shows the thiol and disulphide distribution of reduced gluten after oxidation by the reagents used. Oxidation by iodate brings about a definite and an immediate decrease of thiol groups and an increase in the number of disulphide bonds. With bromate and persulphate there is also an increase in the number of disulphide bonds, but the oxidation by these reagents is much slower than with iodate. It can also be seen that there is a decrease in the amount of sulphur recoverable as cysteine plus cystine after oxidation. This is consistent with the formation of higher oxidation products found with cysteine (Hird & Yates, 1961) and also with the experimentally determined molar ratio thiol/iodate of 3-7-4-4 at the equivalence point (Table 2 ). In these experiments iodate has been used for the convenience of its rapidity of action. It can be seen, too, that the ratio does not change appreciably with the different percentages of thiol groups oxidized (see also Table 6 ). Table 3 shows that the thiol groups of the reduced water-soluble proteins are oxidized but less completely than those of reduced gluten (Table 1) and thiolated gelatin (Table 5 ). This resistance to oxidation parallels the resistance of these preparaTime 0 30 min. 24 hr.
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As Table 4 shows, 50 % or X groups of flour suspensions a] oxidation. It is pointed out, b 6-0 4-5 4-3 4-0 r of thiol groups number of thiol groups/105g. of flour, i.e. 6-0 moles, y accurate estima-represents only 40 % of the total determined in the presence of 8m-urea (Frater et al. 1960 ).
more of the thiol Table 4 shows the oxidation of the thiol groups re susceptible to of thiolated gelatin by iodate, bromate, persullowever, that the phate and air. The rates of oxidation found are similar to those obtained with simple thiols (Hird & Yates, 1961; Frater et al. 1960) , reduced gluten d water-soluble and flour. Oxidation by air is slower than that by the oxidizing agents used. R*SH+03--R SO3H+F-(2) Thus the ratio of thiol oxidized to oxidizing agent at the equivalence point will vary between 6 and 1, and this ratio can therefore be a guide to the reactions occurring. At low concentrations of thiol groups the ratios, obtained with gluten and thiolated gelatin, are between 3-7 and 4-8, values similar to those obtained with cysteine (Hird & Yates, 1961) . However, as the concentration of Table 6 . Formation of disulphide bond8 on oxidation of thiolated gelatin Concentration of protein: 1 mg./ml.; molar ratio, thiol/oxidizing agent, 1/1. For other conditions see text.
Results are expressed as tmoles/100 mg. of protein. thiol groups is increased, the ratio goes up, corresponding to reaction (1). In the previous work with cysteine and in the present work with proteins the major product is found to be the disulphide but there is the likelihood of the corresponding sulphinic acid and sulphonic acid being formed, as happens with cysteine. The increase in disulphide formation with concentration suggests that the proximity of thiol groups undergoing oxidation will determine the products formed. This further suggests that it is difficult to extrapolate from the present experiments to a complex system such as dough, in which these oxidizing agents are used as improvers. A further point arises from the type of disulphide formed. It has been shown by Benesch & Benesch (1958) that the oxidation by ferricyanide of thiolated gelatin at a concentration of 0-2% produces intramolecular disulphide bonds, and at a concentration of 5 % the formation of intermolecular disulphide bonds causes gelling. In the present work iodate has also been shown to bring about gel formation at concentrations of thiolated gelatin of 5 % and 10 %. An increase in the number of intermolecular disulphide bonds resulting from oxidation of thiol groups of dough by improvers would, of course, increase its strength but the mere removal of thiol groups by N-ethylmaleimide and otherthiol-blockingreagentsisalsosufficienttocause similar rheological changes in dough (Goldstein, 1957; Bloksma, 1958; Mecham, 1959; Bloksma & Hlynka, 1960; Frater et al. 1960; Mecham, Sokol & Pence, 1960; Frater, Hird & Moss, 1961) . The changes in the strength of dough cannot therefore be wholly dependent on the formation of new intermolecular disulphide bonds, although these may make some contribution. It would seem, however, that the major effect of the removal of thiol groups by oxidizing agents is to be sought in the inhibition of exchange reactions involving such groups. SUMMLARY 1. The oxidation of the thiol groups of flour, reduced protein prepared from flour and thiolated gelatin has been studied.
2. Iodate, bromate and persulphate have been shown to oxidize thiol groups in the protein preparations. Iodate has been shown to oxidize at a faster rate than do bromate and persulphate.
3. When reduced gluten and thiolated gelatin were oxidized disulphide has been shown to be a product. When iodate oxidizes thiolated gelatin there is evidence that at lower concentrations of thiol groups oxidation products higher than disulphide are formed. At higher concentrations of thiol groups the product of oxidation is entirely the disulphide. Gelling occurs at these high concentrations.
4. The results are discussed in relation to the action of these oxidizing agents as improvers of the rheological properties of dough. 
